This paper addresses how climate changes interact with other global changes caused by humans (habitat fragmentation, changes in land use, bioinvasions) to affect biodiversity. Changes in biodiversity at all levels (genetic, population and community) affect the functioning of ecosystems, in particular host-pathogen interactions, with major consequences in health ecology (emergence and reemergence; the evolution of virulence and resistance). In this paper, the authors demonstrate that the biodiversity sciences, epidemiological theory and evolutionary ecology are indispensable in assessing the impact of climate changes, and also for modelling the evolution of host-pathogen interactions in a changing environment. The next step is to apply health ecology to the science of ecological engineering.
Introduction
Anthropogenic climate change is now well established, although the local consequences are still difficult to predict (see the Intergovernmental Panel on Climate Change [IPCC] reports at http://www.ipcc.ch/). In addition to temperatures, precipitation patterns and soil humidity will also be affected globally, regionally and locally, causing increases in average values and more frequent extreme events (storms, droughts, etc.). Such changes will, among other things, affect the geographical distributions of animals, plants, pathogens, reservoirs and vectors (33, 67, 76, 79) .
Global climate change is altering the ecology of pathogens, and thus the interactions between pathogens and their hosts (18, 21, 44, 48, 49, 61, 65, 69, 70, 71) . Temperature is one of the most important abiotic parameters that affects parasites and also vectors, at all their life-cycle stages. Temperature significantly affects the following:
-the release of eggs or larvae by parasites and vectors -embryonic development and hatching rates -the longevity of the free-living stage -infectivity to intermediate hosts -the development of either micro-or macroparasites in these hosts -infectivity to definitive hosts -time until maturation -life span and mortality (35, 55) .
Temperature also plays a key role in host feeding and behaviour, host range size and host resistance to infection.
Recently, Kutz et al. (25) have shown how a host-parasite system may respond to climate change. These authors presented an empirical and predictive model to demonstrate the impact of climate warming on development rates of a parasitic nematode of musk oxen in the Canadian Arctic, a region that is particularly vulnerable to climate change. Kutz and colleagues showed that warming in the Arctic may have already radically altered the transmission dynamics of this parasite, with the number of parasite generations increasing due to the lessened detrimental effect of the outside environment. The infection pressure is expected to continue to escalate for musk oxen.
A second example can be given by examining tick-borne diseases in which the tick vector is affected by climate change, such as tick-borne encephalitis (TBE) and Lyme disease. The ticks may live for several years and their survival, reproduction rate and activity are affected by seasonal climate, which indirectly influences the risk of disease. Warmer temperatures increase vector and pathogen reproduction and blood-feeding activity (50) . Changes in rainfall and humidity, but also large-scale meteorological phenomena, such as the El Niño-Southern Oscillation (ENSO), may affect the number and quality of vector breeding sites (30) . These influences may operate in synergy with other changes in the habitat and biodiversity. Modifications of the habitat and of the occurrence of animals (including small mammals) that carry the different pathogens result in changes in the spread of these tickborne pathogens. Several studies have shown that, in recent decades, the tick Ixodes ricinus, which transmits Lyme borreliosis and TBE, has spread into higher latitudes and altitudes, and become more abundant in many places (8, 37) . Climate change in Europe seems likely to facilitate the spread of Lyme borreliosis and TBE and to contribute to the extension and transmission of these diseases into new areas. Modelling suggests that these diseases will no longer persist along the southern edge of their present range but may develop new foci in northern parts of Europe (57).
These two examples and others ( Fig. 1 and further articles in this publication) show that global warming has a significant impact on host-parasite interactions. However, scenarios of future interactions are not easy to produce without the help of modelling because of the non-linear interactions between temperature and various aspects of transmission. Moreover, climate changes can work synergistically with other changes caused by humans.
Interactions with other drivers of global change
Escalating human activities, the fragmentation and degradation of habitats, and the increasing proximity between wildlife and humans have greatly impaired the health of both humans and wildlife (9) . These global changes are occurring at an unprecedented rate, which creates opportunities for parasites to negatively affect their hosts through emergence, outbreak and higher virulence (5).
Diseases and pathogens are now considered important factors in the conservation of biodiversity (9, 10, 38) . Several reviews have emphasised the potential importance of parasites and pathogens as mediators of host population dynamics; under changing climatic conditions in general, and global warming in particular. Several studies have also emphasised the need to preserve vertebrate biodiversity and community composition, to significantly reduce the risk of emergence (32) .
Parasite extinction is also an issue. For any host extinction, at least one parasite may go with it (56). This may not be considered negative. However, parasites should not be seen only as harmful since they have their own intrinsic value (56, 66) . As ecological engineers, parasites Changes in biodiversity at all levels (genetic, population and community) affect ecosystem functioning and, in particular, host-pathogen interactions, with major consequences in health ecology (emergence and re-emergence, the evolution of virulence and resistance)
contribute to maintaining high diversity (73) , they may control biotic invaders and they stabilise ecosystems (3, 36, 45, 68) . At the individual host level, parasites may help to equilibrate immune responses and prevent the spread of other parasites. There is, then, a balance between the need to control parasites and the benefits of their presence (51) .
Several studies now recognise the need to preserve biodiversity to maintain high ecological health (1) . This task must be given higher priority so that more information can be rapidly gathered, particularly through data collection and the organisation of databases on parasites and their hosts (4) .
How the biodiversity sciences may help to assess the impact of climate change
Predicting bioinvasions
Biotic invaders are species that establish themselves in a new area in which they proliferate, to the detriment of local species and the environment. Such invaders are the biggest ecological outcomes of the global alterations to the distributions of earth biota, caused by human transport and commerce (77) . As emphasised by Mack et al. (34) , biotic invasions can be compared to epidemics because many important factors in disease epidemiology are also common to invasions. These factors are the minimum population size necessary for successful establishment, population growth and the fate of interacting species in the new range.
The movement of parasites, potential vectors and disease reservoirs is greatly facilitated by modern transport. A recent case of the transfer of a dangerous vector was the introduction from Asia to the United States and several European countries of a mosquito (Aedes albopictus) capable of transmitting dengue fever (63).
Identifying future parasite or vector invaders, as well as vulnerable communities, and taking effective measures to prevent their establishment and dispersal are great challenges for conservation biology and ecological health. The features associated with bioinvasions include: the characteristics of the parasite invaders; the characteristics of the invading hosts, vectors and reservoirs; and the vulnerability of the existing community.
Attributes of parasite invaders
Parasitic invaders are generally those parasites that are found in great local abundance or high prevalences, with direct life-cycles and low host specificity. A local abundance of a parasite species is positively correlated with their geographical distribution, with highly abundant parasites found in a larger number of host populations. The distribution of parasites with indirect life-cycles is dependent on the distribution of all hosts in the life-cycle. Any modification of host distribution will determine if parasites can persist and where they can colonise (12) . Nevertheless, parasites that have indirect life-cycles, such as Schistosoma mansoni, Fasciola hepatica or Angiostrongylus spp., can still be invaders. Low host specificity is not always a crucial characteristic of parasite invaders since a more important attribute is the ability of the parasite to switch hosts.
Attributes of invading hosts, vectors and reservoirs
Many morphological and ecological characteristics favour invasion success. The introduced species may have a competitive advantage over local species because, in the new area, they are released from control by their natural enemies. Mitchell and Power (39) and Torchin et al. (75) found that parasite diversity is significantly reduced in organisms in their introduced range, compared to their native range, supporting the 'parasite release' hypothesis.
Invasive hosts are also at an advantage during concomitant invasion when they have evolved strong immune defences in their original range. High immune investment confers a better capacity to control the parasites with which these hosts may come into contact, or which they acquire, in the introduced range (29, 41) .
Community vulnerability
Vacant niches within communities, i.e. niches which are not rich in host species or their parasites, are widely assumed to provide opportunities for the settlement and spread of biotic invaders (14) . The 'vacant niches' hypothesis suggests that species-poor communities cannot offer biological resistance to invasion, particularly to pathogen or vector invasion.
Predicting extinction
Climate changes will extend the geographical ranges of many species along with their parasites, potentially overlapping with those of endangered species and driving them to extinction (12) . The seasonal and spatial distributions of parasites and their hosts are often temperature dependent and the synchronicity of their population dynamics is threatened by climatic changes. Many parasites have adapted their life-cycles, reproduction and transmission to overlap with the life-cycles of their definitive and intermediate hosts (55) . Any increase in temporal asynchrony between infective parasite stages and hosts has significant effects on the persistence of the interaction. Some parasites will adapt to these new conditions, whereas others may not. It is expected that parasite extinctions will occur.
The global extinction of parasites may be more pronounced than that of free-living animals. According to Poulin and Morand (56) , the 11% of threatened mammalian species implies that a total of 409 helminth species are at risk of extinction. This predicted parasite extinction may have consequences on the epidemiological environment.
Predicting distribution using environmental niche modelling
Ecological niche modelling is used in biogeography to predict the distributional range of species from existing occurrence data (2) . Using appropriate algorithms in a geographical information system containing layers of environmental information (such as topography, climate and vegetation), epidemiological and spatial risk stratification can be derived from data on the location of vectors or pathogens. This approach has been used in the case of Chagas disease and for vectors of leishmaniasis and filovirus infections (52, 53, 54) . Moreover, using scenarios of climate change, it is then possible to project scenarios of changes in pathogen and vector distribution.
Biodiversity loss, the diversity-disease hypothesis and the dilution effect
The predicted massive and continuing extinction of populations and species is mostly related to the consequences of land conversion for agricultural purposes (78) . Biodiversity loss is usually quantified in terms of the rate of loss of species diversity. A conservative estimate of the global loss rate of eukaryote species is one extinction per hour (78) , which exceeds by at least four orders of magnitude the evolution rate of novel species (28) . However, biodiversity loss also concerns the reduction of genetic variation among populations, and the modification of food webs linked to the loss of interactions within communities (symbiosis, host-parasite interactions), which may greatly affect the functioning of ecosystems and the 'goods and services' they provide (as defined by the Millennium Ecosystem Assessment).
Recent evidence indicates that high species diversity may reduce exposure to parasites and pathogens (20) . Initial evidence came from plant-pathogen interactions. Decreased plant species diversity is thought to increase the severity of diseases caused by specialist pathogens, i.e. the 'diversity-disease' hypothesis (14) . The suggested mechanism is that both parasite intensity and spread are inversely related to host species abundance (40) . Decreased diversity allows the remaining species to achieve higher abundance, which facilitates the spread of pathogens specific to these hosts.
In the case of vector-borne diseases, it has been suggested that high biodiversity may reduce the risk of disease by a mechanism known as the 'dilution effect'. The dilution effect predicts that infection rates among vectors will be lower in highly diverse host communities, where transmission to and from the competent host reservoir is diluted, due to the presence of unsuitable hosts.
The dilution effect has been demonstrated in several vector-borne diseases (19, 47, 62, 72) and, recently, in the cases of West Nile virus (15) and ectoparasites (24) . LoGiudice et al. (32) tested the dilution effect hypothesis by showing that a high diversity of host species reduces the infection prevalence of the spirochete Borrelia burgdorferi, the agent of Lyme disease, in its tick vector. Higher numbers of host species dilute the effects of the most competent disease reservoir, the white-footed mouse (Peromyscus leucopus). Species-poor host communities tend to have many more mice and fewer other hosts, whereas species-rich communities have mice but also many other potential hosts. LoGiudice et al. (32) demonstrated that some host species are poor reservoirs of B. burgdorferi and thus reduce the prevalence of the disease by providing food for, but rarely infecting, ticks. Important dilution host species include small mammals, such as squirrels, which are characterised by high tick burdens, low reservoir competence and high population density. When such host species are added to a species-poor community, the prevalence of infection in ticks declines. Some other small mammals, such as shrews, are 'rescue hosts', which are capable of maintaining a high disease risk when mouse density is low. All these parameters should be incorporated and quantified in mathematical epidemiological models.
How epidemiological theory may help
Mouritsen et al. (45) have explored the potential consequences of climate change by building a simulation model and, more precisely, by studying the consequences of increasing temperature on a coastal host-parasite system. They set the parameters of the model with experimental and field data, and used a scenario in which the temperature rose by up to 5°C, which corresponds to one of the ranges predicted for the area where the data were obtained by the year 2075. Mouritsen and colleagues showed that an increase in the ambient temperature of 3.8°C would result in a parasite-induced collapse of the second intermediate host population. Owing to the importance of the second intermediate host, this population decline would be expected to have a significant impact on the coastal ecosystem as a whole.
Mathematical models enable the derivation of the basic reproduction number (R 0 ). A parasite must achieve a basic reproduction greater than the number one to establish and spread in a host population. R 0 is, by definition, the number of secondary cases produced in a population of naïve hosts after the introduction of one primary infected host. There is a critical size for the host population, below which the disease or parasite cannot establish and spread. This threshold host population size is necessary for the perpetuation of most epidemic diseases. Formulae for R 0 can be derived for macroparasites and microparasites transmitted by vectors such as ticks (tick-borne diseases) or fleas. Such formulae enable researchers to investigate theoretically how parasite epidemiology is affected by climate change or other global changes.
The use of R 0 has been illustrated with the case of arthropod-borne diseases, such as TBE, Lyme disease or plague, by Randolph and Rogers (59) . For example, a shortening of the generation time at higher temperature has been reported for flea species (22) and ticks (58) . The incubation time of the agent within the vector often decreases with increasing temperature. Vector biting rate is positively related to temperature, perhaps in relation to the increase of the metabolic rate. For instance, the metabolic rate of fleas is known to increase as temperature increases (16) . However, we should note the highly non-linear interactions among abiotic factors such as temperature and parameters related to the population biology of both hosts and vectors. Moreover, any environmental changes that may affect the population densities of both hosts and vectors are likely to affect R 0 .
Modelling the risks of an outbreak
The possible magnitude of an infectious disease outbreak is related to both the basic reproduction number R 0 and the numbers of introduced infected hosts (or the number of introduced parasites). For pathogens that are minimally transmissible (R 0 close to 0), the size of the outbreak depends largely on the number of introductions of infected hosts or parasites. For highly transmissible pathogens (R 0 > 1), outbreak size is determined largely by the size of the susceptible host population. For pathogens that are moderately transmissible (R 0 ≈ 1), notable outbreaks are possible (especially if multiple introductions occur), but the scale of these outbreaks is very sensitive to small changes in R 0 (80) .
Modelling risks of emergence
The epidemiological environment is affected by the way that humans are increasing their potential contacts with parasites and pathogens of wildlife (13, 80) . Woolhouse and Gowtage-Sequeria (80) surveyed human pathogen diversity and produced a count of 1,407 human pathogen species. Among all pathogen species, 177 species (13%) were considered as emerging or re-emerging. Microparasites such as viruses and bacteria were the most numerous. Only 287 helminth species were recorded, with 10 emerging or re-emerging (3%). (13) developed matrix models for quantifying R 0 for a variety of potential types of emergent pathogens that may cause outbreaks. In the models, R 0 was highly sensitive to heterogeneities created by the spatial structure of the host population and the ability of the pathogen to use multiple host species.
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How evolutionary biology may help
Immuno-ecology and climate change
A new field of research among the evolutionary sciences has emerged over recent years: immuno-ecology (64) . This field hypothesises that immunity has a life trait, whose value should optimally respond to environmental characteristics, including abiotic factors that can create stress (such as temperature) and biotic factors (such as pathogens). The objective, then, is to measure the investment in immunity or immunocompetence (defined as the capability of an organism to cope with pathogen infection) as the result of a trade-off with investment in other tasks. Of course, immunity has a genetic background. Few studies have investigated the role of climate variability on investment or on genetic variability of the immune genes.
In vertebrates, variability of the genes of the major histocompatibility complex (MHC) represents an important adaptation for pathogen resistance. A high genetic diversity of the MHC confers resistance to a greater number of pathogens. Selection pressures on the immune system of the host are related to pathogen richness and pathogen virulence. Dionne et al. (11) tested the hypothesis that the genetic diversity of the MHC of Atlantic salmon (Salmo salar) increases with temperature along a latitudinal gradient in response to the selective pressure of pathogens in the wild. They showed that the allelic diversity of MHC genes increases with temperature, thus creating the latitudinal gradient, and proposed that genetic diversity at the MHC level represents a local adaptation to cope with the pathogen diversity associated with different thermal regimes. This study illuminates how selection pressure from the environment may influence host immune adaptation, and questions the future of these local adaptations in the context of climate change (rising water temperatures, distribution shifts in both hosts and their pathogens, changes in pathogen transmission).
Predicting co-adaptation and maladaptation
With global climate change come changes in the distribution and abundance of species and, by logical extension, of their parasites. The habitats of parasites, including their potential host range, are being modified. Parasites are thus experiencing range contractions and extensions, not only geographically, but in terms of the number of host species they may exploit.
The assemblages of parasites at local levels are probably the result of adaptation to regional environmental conditions. Krasnov et al. (23) showed that the diversification of flea assemblages on mammals is associated with climatic variables. A greater number of congeneric species per flea assemblage is observed in warm regions than in colder regions, which may be the result of intrahost speciation. When regional temperature increases, intrahost speciation may become a relatively more important mode of diversification than the acquisition of fleas through switching hosts.
There should be intense selection pressure on parasites to adapt to new conditions and new hosts or host populations. Environmental changes imply that parasites will be faced with a new epidemiological environment and new habitats, and will experience contact with new host species.
The continuously changing geographic structure of species and the worldwide redistribution of hosts and parasites will change the global dynamics of co-evolutionary interactions (74) . Local adaptations of parasites to their hosts are the result of evolutionary lags between parasite genotypes and host genotypes (27, 43) , which depend on both host and parasite migration (17) . Local adaptation then depends on the geographical structure of interactive species, and any alteration of this structure may disrupt adaptive processes, leading eventually to maladaptation. These changes may have consequences for different interactions, and are likely to shift co-evolutionary dynamics back towards earlier stages of non-equilibrium dynamics. However, co-evolutionary dynamics could be changed in a way that makes it very difficult to predict the consequences and outcomes of new interaction networks (74) .
Global changes may also affect the evolution of parasite virulence. Models have demonstrated that the evolution of parasite life-history traits is driven by the age-specific mortality rate of the parasite (42), among other factors. The evolution of virulence may depend on many intrinsic factors, e.g. the force of the host immune response, as well as extrinsic ones, such as the survival of free-living infective stages. For example, an acceleration in parasite development in the growing season or lower mortality in certain parasite stages may lead to an increase in virulence. In such a global context, it remains extraordinarily difficult to predict the evolutionary direction of virulence, since it depends on so many factors that act synergistically and in a non-linear fashion.
Integrating tools for developing an ecology of health
Mapping the actual distribution of pathogens, vectors and reservoirs
Initiatives such as the Global Biodiversity Information Facilities aid in placing collected samples, mostly from national museums, on maps. As these samples (holotypes or voucher specimens) have been gathered from various localities in different years, it is then possible to use this information to describe past and present distributions of free-living species. However, information on past and actual distributions of parasites and pathogens is, crucially, missing.
Establishing future distributions of pathogens, vectors and reservoirs
Knowledge of the actual distribution of pathogens, vectors and reservoirs -even incomplete knowledge -allows the projection of future distributions using environmental niche modelling. By envisaging the future distributions of plants, and using scenarios of climate change from the IPCC, it is then possible to produce maps of potential future distributions. Incorporating other change scenarios (habitat fragmentation, changes in land use and biodiversity) permits the production of more accurate projections.
Establishing R 0 maps for introduction, emergence and outbreak risks R 0 formulae can be incorporated into maps. Depending on the current body of knowledge, and existing hypotheses on the ecology of transmission, R 0 maps can then be produced. Moreover, such maps can be connected with scenarios of climate change, and other drivers of global change.
Early alert systems that include climatic variables
Over recent years, meteorological satellite data have increasingly been used to help model the spatial and seasonal dynamics of disease transmission and develop early-warning systems. These relatively low-cost and easyto-use data sources have become familiar to public health services.
One example is the case of Vibrio cholerae, a bacterium associated with phytoplankton, which can be transmitted, during the infectious stage, under the same conditions as those that produce algal blooms (6) . Copepod species can also be used by this bacterium as reservoirs to ensure persistence and dissemination in estuarine systems. Cholera epidemics are associated with seasonal plankton blooms. Remote-sensing satellite data and estimates of the chlorophyll contained in the phytoplankton show a correlation between the number of cases of cholera and the temperature of the ocean surface. The inter-annual variability of cholera prevalence is also dependent on episodes of ENSO and their intensity (31, 60) .
Developing animal sentinel data
Animal sentinels are: 'organisms in which changes in known characteristics can be measured to assess the extent of environmental contamination and its implication for human health and to provide early warning of those implications' (46) . Sentinels should be chosen from wildlife or captive species that have continuing exposure to changing environmental pressures. Measurements should not be limited to seroprevalence but also incorporate other factors, such as stress, endocrine disruption and immunocompetence (26, 81) . All of these measurements give an indication of physiological responses to the epidemiological environment. Examples include the surveillance of live birds or captive sentinels to monitor for avian viruses.
Developing ecological engineering for ecosystem management
This is the next step in applying the biodiversity sciences to the ecology of health. It remains to be seen in what ways managing landscapes and biodiversity may help to reduce the impacts and/or emergence of pathogens.
Conclusion
The authors conclude by emphasising that the sciences of biodiversity, ecology and evolution are all central to the study of zoonotic diseases under climate change. It is undeniable that climate and climate variability are key factors in pathogen transmission. However, they also work in synergy with other determinants of global change, such as changes in land use, habitat fragmentation, bioinvasion and loss of biodiversity. All these factors affect the epidemiological environment (7).
The increasing collaboration between experts in the fields of biodiversity and health comes in response to the call for more knowledge from such international agencies as the IPCC; Millennium Ecosystems Assessment; International Mechanism of Scientific Expertise on Biodiversity; Food and Agriculture Organization of the United Nations, World Organisation for Animal Health and the United Nations Environment Programme. Résumé Cet article traite des interactions que les changements climatiques entretiennent avec d'autres changements globaux anthropiques (fragmentation de l'habitat, changement de l'affectation des terres, invasions biologiques) et examine les conséquences de ces interactions sur la biodiversité. Toute modification de la biodiversité, à quelque niveau que ce soit (génétique, des populations ou des communautés) altère le fonctionnement des écosystèmes, en particulier les interactions hôte/agent pathogène, ce qui a des conséquences importantes sur l'écologie de la santé (émergence et réémergence de maladies ; évolution de la virulence ; évolution des résistances). Les auteurs démontrent que les sciences de la biodiversité, l'épidémiologie et l'écologie de l'évolution sont indispensables non seulement pour évaluer l'impact du changement climatique, mais aussi pour élaborer des modèles de l'évolution des interactions hôte-pathogène dans un environnement en transformation. La prochaine étape consistera à appliquer l'écologie sanitaire à la science de l'ingénierie écologique.
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De cómo las ciencias de la diversidad biológica pueden ser de ayuda a la ingeniería ecológica y biológica a la hora de evaluar el efecto de los cambios climáticos
S. Morand & J.-F. Guégan
Resumen Los autores examinan la forma en que los cambios climáticos interactúan con otras transformaciones de alcance mundial causadas por el hombre (fragmentación de los hábitat, cambios en los usos del suelo, invasiones biológicas) para a la postre incidir en la diversidad biológica. Los cambios que ésta sufre en todos los planos (genético, de poblaciones y de comunidades) influyen en el funcionamiento de los ecosistemas, sobre todo en las interacciones entre hospedadores y patógenos, lo que tiene consecuencias de gran calado en el terreno de la ecología sanitaria (emergencia y reemergencia, evolución de la virulencia y las resistencias, etc.). Los autores demuestran que las ciencias de la diversidad biológica, la teoría epidemiológica y la ecología evolutiva son indispensables para evaluar los efectos de las transformaciones del clima y para elaborar modelos sobre la evolución de las relaciones entre patógeno y hospedador en un medio en constante evolución. El próximo paso consiste en aplicar la ecología sanitaria a la ciencia de la ingeniería ecológica.
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